The beam energy measurement system (BEMS) for the upgraded Beijing electronpositron collider BEPC-II is described. The system is based on measuring the energies of Compton back-scattered photons. The relative systematic uncertainty of the electron and positron beam energy determination is estimated as 2 · 10 −5 . The relative uncertainty of the beam's energy spread is about 6%.
Introduction
The upgraded Beijing electron-positron collider (BEPC-II) is a τ -charm factory with a center of mass energy range from 2.0 to 4.6 GeV and a design peak luminosity of 10 33 cm −2 s −1 [1] . For experiments at BEPC-II, the BESIII (Beijing spectrometer) detector with high efficiency and resolution both for charged and neutral particles was constructed [2] . BESIII started data taking in 2008. The BESIII research program covers charmonium physics, D-meson physics, spectroscopy of light hadrons and τ -lepton physics [3] . The τ -lepton is a fundamental particle, and its mass is a Standard Model parameter, which requires that its mass be determined with high precision. The measurements of the ψ and D meson masses are also of interest.
The current value of the τ mass, m τ , is 1776.82 ± 0.16 [4] . In BEPC-II/BESIII, the mass will be measured using the threshold scan method. The accuracy of the measurement was studied in Ref. [5, 6] . Two weeks of data taking will lead to a statistical uncertainty of less then 50 keV. The systematic uncertainty (without the accuracy of beam energy determination) is about 20 keV and includes uncertainties of the luminosity, detection efficiency, branching fraction, background, energy spread, and theoretical uncertainty. The most important source of uncertainty is the accuracy of the absolute beam energy determination.
In some cases, the energy scale of colliders can be calibrated with extremely high accuracy using the resonant depolarization technique [7] . But this approach is not applicable for e + e − factories, where the great advance in luminosity is made possible by fast bunch-to-bunch feedback systems that usually have a strong depolarization impact on the beam. There are two possible methods of the beam energy determination at BEPC-II. First is a calibration of the energy scale from scan of the J/ψ and ψ ′ resonances [8] . The expected accuracy in this case is about 100 keV.
Another possibility is the beam energy measurement using Compton backscattering of monochromatic laser radiation on the e ± beams. This approach was developed and experimentally proved in Ref. [9, 10, 11, 12] . At the BESSY-I and BESSY-II storage rings, the relative accuracies of energy measurement of about 10 −4 and 3×10 −5 for the beam energies of 800 and 1700 MeV, respectively, were achieved [11] . In collider experiments, this method was applied at VEPP-4M [12] . Based on the VEPP-4M experience, such a system was proposed and constructed for BEPC-II [13, 14] . In this paper, the system design and performance are reported.
The Compton Back-scattering approach
Let us consider the Compton scattering process in a case where the angle α between initial particles is equal to π and their energies are ω 0 ≪ m e ≪ ε (Fig. 1) . Here ω 0 and ε are the energies of the initial photon and electron, respectively. The back-scattered photons with θ = 0 have the maximal energy ( Fig. 2) , and the energy spectrum of the scattered photons has a sharp edge at the maximal energy (Fig. 3) .
The general idea is based on the following:
• The maximal energy of the scattered photon ω max is related with the electron energy ε by the kinematics of Compton scattering [13] :
If one measures ω max , then the electron energy can be calculated: • The ultra-high energy resolution (∼ 10 −3 ) of commercially available High Purity Germanium (HPGe) detectors allows the statistical accuracy in the beam energy measurement to be at the level of δε/ε ≃ 10 −5 .
• The systematical accuracy is mostly defined by absolute calibration of the detector energy scale. Accurate calibration can be performed in the photon energy range up to about 10 MeV by using γ-active radionuclides.
The measurement procedure is as follows. As a source of initial photons, the monochromatic laser radiation with ω 0 ≈ 0.12 eV is used. The laser light is put in collision with the electron or positron beams, and the energy of the back-scattered photons is precisely measured using the HPGe detector. The maximal energy of the scattered photons is determined by fitting the abrupt edge in the energy spectrum by the erfc-like function (Fig. 4) . The relation between the measured ω max and the beam energy ε is shown in Fig. 5 . The detector energy scale is accurately calibrated by using well-known radiative sources of γ-radiation (Fig. 5 ).
The beam energy measurement system for BEPC-II.
The beam energy measurement system is located at the north beam crossing point of the BEPC-II storage rings (Fig. 6 ). This location allows measurement of the electron and positron beams energy by the same HPGe detector. The layout schematic of the system is shown in Fig. 7 .
The system consists of the laser source, optical and laser-to-vacuum insertion systems to transport the laser beam into the interaction regions where the laser beam collides with either the electron or positron beam, and the HPGe detector to measure back-scattered photons. The laser and optical system elements are deployed in the corridor outside the collider hall.
The laser and electron (positron) beams interact in the straight sections of the collider's rings beyond the R2IAMB (R1IAMB) dipole magnets. The total yield of scattered photons was estimated in Ref. [13] and is about 17000 gammas per second, per 1 mA of electron (positron) beam current, per 1 W of laser power.
Laser and optical system
The source of initial photons is the GEM Selected 50 TM CO 2 laser from Coherent, Inc.. It is a continuous operation (CW), high power, and single-line laser. It provides 25 W of CW power at the wavelength λ 0 = 10.835231 µm ( γ-quantum energy ω 0 = 0.114426901 eV), which corresponds to the 10P42 transition in the carbon dioxide molecule [15] . ω 0 is known with relative accuracy better then 0.1 ppm. The relative width of the laser photon spectrum is σ ω /ω 0 ≈ 3 ppm. This wavelength was adopted in order to avoid any interference between γ−radiation lines of radiative sources, used for HPGe detector calibration, and the Compton edges of all interesting energy points in the τ -charm energy region (Fig. 8 ). The laser is installed on a special support which can be adjusted as necessary. The optical system includes the following units which are situated along the collider wall ( rad).
Laser-to-vacuum insertion system
The insertion of the laser beam into the vacuum chamber is performed using the laser-to-vacuum insertion system. The system is the special stainless steel vacuum chamber with a GaAs entrance viewport [16] and water cooled copper mirror (Fig. 9 ). In the vacuum chamber, the laser beam is reflected through an angle of 90
• by the copper mirror. After back-scattering, the photons return to the mirror, pass through it, leave the vacuum chamber, and are detected by the HPGe detector. Note, the copper mirror protects the view port against high power synchrotron radiation due to low reflectivity of high energy photons (less than 1%) from a metallic surface.
The copper mirror design is shown in Fig. 10 . The mirror can be turned by bending the vacuum flexible bellows, so the angle between the mirror and the laser can be adjusted as necessary. Synchrotron radiation (SR) photons heat the mirror. In order to reduce the heating of the mirror, it is placed 1.8 m from the BEPC-II vacuum chamber flange. The SR power absorbed by the mirror is about 200 W. The extraction of heat is provided by a water cooling system. To prevent adsorption of residual gas molecules on the mirror surface, it is covered with a 0.5 µm thick gold layer.
The viewport based on the GaAs mono-crystal provides:
1. transmission spectrum from 0.9 up to 18 µm, 2. baking out of the vacuum system up to 250
• C, 3. extra high vacuum. The viewport design is shown in Fig. 11 . It includes a 304 L steel DN63 conflat flange and a GaAs crystal plate with diameter of 50.8 mm and thickness of 3 mm. In order to compensate mechanically for the difference of the GaAs and stainless steel thermal expansion coefficients, the GaAs plate is brazed with pure soft lead to a titanium ring, which in turn is brazed with AgCu alloy to the stainless steel ring. The stainless steel ring is welded to the flange. To avoid decomposition of the GaAs plate during brazing, it is covered with a 0.6 µm thick SiO 2 film using gas-phase deposition. The transmission spectra of the plate before and after covering are shown in Fig. 12 . The transmission of the plate increases from 55 to 60 % at the CO 2 laser wavelength λ = 10.6µm and from 20 to 35% at λ = 1µm. After installation at BEPC-II, the vacuum chambers were baked out at 250
• C for 24 hours. A pressure of 2 × 10 −10 Torr was obtained. The residual gas spectrum is shown in Fig. 13 .
Adjustment of the optical elements.
The optical elements of the system were adjusted using SR. The copper mirrors of the vacuum chambers and the mirrors of the optical system were adjusted in such a way, that the SR light comes to the laser output window. Actually the GaAs is not transparent for visible light (Fig. 12) but transmits infrared radiation. In order to detect the infrared light, IR-sensitive video cameras were used.
HPGe detector
The purpose of a HPGe detector is to convert gamma rays into electrical impulses which can be used with suitable signal processing, to determine their energy and intensity. A HPGe detector is a large germanium diode of the p-i-n type operated in the reverse bias mode. At a suitable operating temperature (normally ≃100 K), the barrier created at the junction reduces the leakage current to acceptably low values. Thus an electric field can be applied that is sufficient to collect the charge carriers liberated by the ionizing radiation.
For the BEPC-II energy calibration system, we use the coaxial HPGe detector manufactured by ORTEC (model GEM25P4-70). It has diameter of 57.8 mm and height of 52.7 mm with 31.2% relative efficiency 1 . The energy resolution for the 1.33 MeV line of 60 Co is 1.74 keV (FWHM). The detector is connected to the multi-channel analyzer ORTEC DSpec Pro (MCA), which transfers data using the USB port of the computer.
The HPGe spectrum has 2 14 = 16384 channels. The bin error for each channel is defined as where N is number of counts in the channel and ζ corresponds to the MCA differential non-linearity, which is ζ = 0.02 according to the MCA specifications.
Since the HPGe detector is located near the collider's beam pipes, background due to beam loss is extremely high. In order to protect the HPGe detector from background, it is surrounded by 5 cm of lead on the sides, by 1.5 cm of iron below, and by 5 cm of lead above. The detector is also shielded by 10 cm of paraffin on all sides. Since the main background comes from the beam direction, an additional 11 cm of lead is installed in these directions. Another 10 cm of lead can be moved into the beam using movable stages to shield from the beam direction that is not being measured and moved out when the beam is being measured.
Data Acquisition System
The BEMS data acquisition system is shown in Fig. 14 . The MCA digitizes the signal from the HPGe detector and produces the energy spectrum. It is connected to a Windows PC. All spectra processing, monitoring, and control over the devices involved in the BEMS is concentrated in another PC, under the control of Linux.
The data acquisition procedure is as follows. The HPGe detector measurements are read every few seconds, and the detector counting rate is calculated. If the requested acquisition time has elapsed, or if conditions of the spectrum acquizition changed sufficiently, the current spectrum is saved to a file and the next spectrum acquisition cycle is launched. Simultaneously, another process periodically requests information from the BEPC-II database and writes the BEPC-II parameters, such as beam currents, lifetimes, and luminosity, to the file.
After finishing the spectrum acquisition cycle, another program processes the spectrum; it calibrates the energy scale, finds the Compton edge, and calculates the beam energy. The beam energy is written into the BEPC-II database. Since the BEPC-II parameters and the detector counting rate are saved during the spectra acquisition, conditions of any acquired spectrum can be analyzed at any time.
During data taking, mirrors are adjusted automatically to provide maximal photon/electron (positron) interaction efficiency, using the feedback from the detector counting rate. The prism directing the laser beam to either the electron or positron beams is controlled by the same program, as are the movable stages that move the extra lead protection in and out of the beam. The processing of the beam energy measurement is fully automated by a script controlling the mirrors, the prism, and the movable shielding.
Data processing
The processing of the spectrum (Fig. 15) includes calibration of the energy scale, Compton edge fitting and the calculation of the beam energy. The energy scale must be calibrated in the range from 2 to 8 MeV. This is the energy range of back-scattered photons at BEPCII with beam energies from 1000 to 2100 MeV (Fig. 5) . The following sources were used in this work:
Cs : E γ = 661.657 ± 0.003 keV
Co : E γ = 1173.228 ± 0.003 keV
Co : E γ = 1332.492 ± 0.004 keV
The goal of HPGe detector calibration is to obtain the coefficients needed for conversion of the HPGe detector's ADC counts into corresponding energy depo- sition, measured in units of keV, as well as the determination of the detector's response function parameters. The following response function is used:
Here x 0 is the position of the maximum, ξ is an asymmetry parameter, and σ is the full-width of the Gaussian distribution at half-maximum divided by 2.36. The calibration procedure is as follows:
1. Peak searching is performed using a ROOT algorithm based on Refs. [18, 19, 20] ; 2. The found peaks are identified using the atlas of the well known radiative lines; 3. The peaks which correspond to calibration lines are fitted by the sum of signal and background distributions, f (x, x 0 , σ, ξ) + p 1 (x) (Fig. 16) , where p 1 (x) is a first-order polynomial. The free parameters of the fit are x 0 , σ, ξ, and the coefficients of the polynomial. 4. Using the fit results, the energy dependencies of the response function (Eqn. 4) parameters are determined. The σ energy dependence (Fig. 17) is described by the formula: where E γ is the photon energy, K 0 = 0.772 ± 0.020 keV 2 , and F = 0.56 ± 0.02 eV. The energy dependence of the asymmetry parameter ξ is approximated with an empirical function, g(x) = p 0 + p 1 exp(−p 2 x) (Fig. 18) . In order to obtain the correction to the measured energy due to spectrometer scale non-linearity, the difference between positions of the calibration peaks x 0 and their known reference values are fitted by a second-order polynomial (Fig. 19) .
The edge of the back-scattered photon spectrum (Fig. 20) is fitted by the function:
Here p 1 (x) takes into account the background contribution, and S 1 is a convolution of the step function θ(x 0 − x):
which describes the "pure" edge shape with the HPGe detector response function (Eqn. 4) and a Gaussian:
which takes into account the energy spread of back-scattered photons due to energy distribution of the collider beam. 
The edge position ω max ≡ x 0 , σ s , and the coefficients of the first-order polynomial p 1 (x) are the free parameters of the fit. Using the ω max value obtained from the fit, the average beam energy ε nip (nip denotes north interaction region) in the e − γ interaction region is calculated according to formula (2) . Taking into account the energy losses due to synchrotron radiation, the beam energy in the south interaction point (sip) is obtained as
6. System performance
The system was put in operation and tested with beams of energy about 1840 MeV. The relative statistical accuracy of the beam energy determination of about 5 · 10 −5 was achieved after approximately 1 hour of data taking. The systematical accuracy was studied by comparison of the well known mass of the ψ ′ resonance m ψ ′ = 3686.09 ± 0.04 MeV [4] with its value obtained using the BEMS.
In order to obtain the ψ ′ mass two scans of the resonance energy region were done with a total integrated luminosity of about 3.95 pb −1 . The data were collected at 12 energy points over 36 hours. The ψ ′ mass was measured as follows.
The multihadronic e
+ e − → hadrons events were selected. 2. The events of e + e − → γγ were used to determine the integrated luminosity L:
where N γγ and σ γγ are the selected number of events and cross section obtained using Monte Carlo simulation, and w is the center of mass energy. 3. The resonance mass was obtained from the fit of the number of e + e − → hadrons events expected, M mhad = σ mhad L, to the number of detected multihadronic events N mhad . Here σ mhad is the expected cross section of e + e − → hadrons:
where m is the ψ ′ meson mass, σ bg is the nonresonant background cross section, ǫ is the detection efficiency, σ res is the cross section of the ψ ′ resonance production σ 0 (w, m) [21] convoluted with the beam energy spread σ w :
Charged tracks were selected requiring their point of closest approach to the beam axis be within 1 cm of the beam line, and their angle with respect to the beam axis, θ, to satisfy | cos θ| < 0.93 [22] . Photon candidates must have at least 25 (50) MeV of energy in the barrel (end cap) electromagnetic calorimeter (EMC) and have | cos θ| < 0.82 (0.86 < | cos θ| < 0.92).
The e + e − → γγ events were selected using the following criteria 1. N q = 0 and N γ > 1, where N q is the number of charged tracks and N γ is the number of photons; 2. | cos θ i | < 0.8, where here and below i = 1, 2 denotes the photons with the highest energy deposition; 3. |∆θ| = |π − (θ 1 + θ 2 )| < 0.05; 4. −0.06 < ∆φ < 0.02, ∆φ = π − |φ 1 − φ 2 |, where φ is the azimuthal angle around the beam direction; 5. 0.8 < E i /E beam < 1.2, where E i is the energy deposition in the EMC of the ith photon and E beam is the beam energy.
In order to select multihadronic events the following criteria were applied.
1. N q > 3; 2. S > 0.06, where S = 3 2 (λ 2 + λ 3 ) is the sphericity parameter. Here λ 1 ≥ λ 2 ≥ λ 3 are eigenvalues of sphericity tensor:
where p i the momentum of the ith track.
The number of selected multihadronic events N mhad were fitted by minimizing the likelihood function:
The free parameters of the fit were ψ ′ mass m, σ bg , ǫ, σ w . The center of mass energy w i at each energy point was fitted to the values W i obtained as follows: 
32.7 ± 0.5 χ 2 /ndf 13.5/8 P (χ 2 , ndf )(%) 9.7
In order to check the adequacy of the selection criteria for multihadron events, even more strict cuts were applied for their selection:
• N q > 4
• p t > 50 MeV and | cos θ| < 0.8 for each charged track. Here p t is the transverse momentum.
The fit was performed with the new number of selected multihadronic events, and ∆m = −17 ± 58 keV and σ w = 1.56 ± 0.03 MeV were obtained.
The luminosity determination was also tested using events of e + e − → e + e − , scattered at small angles to suppress the contribution from ψ ′ → e + e − decay. The mass difference and beam energy spread were found to be ∆m = 17 ± 50 keV and σ w = 1.59 ± 0.03 MeV.
The bias of the center of mass energy obtained using the BEMS from the true value can be estimated as ∆m = m − m ψ ′ : ∆m = 1 ± 56 ± 24 ± 40 ≃ 1 ± 72 keV. Here the first error is the statistical, the second is due to systematical uncertainties of the luminosity determination and multihadronic event selection, and the last one is the error of the PDG m ψ ′ value. If we take the deviation of the measured beam energy ∆E from the actual value as ∆ε = ∆m/2, then ∆ε = 1 ± 36 keV (18) Taking into account this deviation, the relative accuracy of the beam energy determination can be estimated as 2 · 10 −5 . The center-of-mass energy spreads σ W obtained by using the BEMS at the 12 energies are shown in Fig. 22 . The relative statistical accuracy of the σ W determination per measurement is about 10%. The average of all measurements is σ W = 1.65 ± 0.04. The energy spread obtained from the fit of ψ ′ resonance is σ w = 1.58±0.03. The difference between these two values σ W −σ w = 0.07±0.05 is about 1.4 standard deviations and consistent with zero. Using this difference, the relative systematical accuracy of the energy spread determination can be estimated as 6%.
Conclusion
The energy measurement system of the BEPC-II collider beams based on the Compton back-scattering method was designed, constructed, and put into operation. The systematical error of the beam energy determination is tested through measurement of the ψ ′ mass and is estimated as 2 · 10 −5 .
